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' " improvements in ‘diagrams. A list of the teachers and of the. scnentlﬁc inves- -

BT
i

.

i

.. curriculum-relevant reports of. current: sclentl i rresearch. High' school

* and’1960’s. were working together in a joint endeavor,,

" men# is a set of cufriculum supplements designed fol’ teéachers, supervisors, - .© 1.0

, States’ reviewed the. pamphlets in agaft form. They suggested changes. inl

The Apollo Soxuz Test Pro_|ect (ASTP). which ﬂew i July l975 ardused .
conslderable public interest; first, because the space riv Is of the late 1950's
and second because
* their mutual efforts included developlng a space rescye system.. 'l‘he ASTP'
-dlso mcluded slgmﬁcant scientific experiments, the results of wlych can be
used in’ teachmg biology, physics, and fhathematics i schools and colleges .
Thts series of pamphlets discyssing. the Apollo -Soyuz mission and experi- - . \\ '

. Neither textbooks nor courses. of: study. these pamphlets are intended to
provrde a rich’ source of ideas, examples of the sc gtlﬁc method pertinent - .
references to-standard textbooks, and clear descnpt ons of space experiments.
- In asense, they may. garded asaploneenng fov of teaching aid. Seldom SR
has there beén sucl?eforthnght effort-to pro ide,’ dlrectly to’ teachers. e

curriculum specialists,. al\d te:(tbook writers as wellzZ:j for the general public.. .

“teachers who reviewed the texts Suggested that’ dVanced students who are
interested might be asslgned td study one parnplilet and neport on it {o the fést -

" Of the class. Aftcr class discussian, students m lght be assigned (wtthout

~ access to the pamphlet) one or more of the“‘Q 'estlons for Discussion’* for .
formaFor informal answers. “thus stresSrng the appllcatlon of what was
. previously: covered in the pamphlets. !
© The authors of these pamphlets are Dr, Lou Wllllams Page a geologlst. and

' n . . »
- Dr. Thorton Page. an astronomer Both have taught science. at severaL\__/ o

* universities and have publlshed l=4'books on sc|ence for schools colleges. and
" .the ‘general; reader. including a recent one op space sclence 2 .
‘., Technical assistance to. the Pages was {rovided. by the Apollo Soyuz .
" Program Scientist, Dr. R. Thomas Giuli, and by Richard R. Baldwin, -
- W. Wilson Lauderdale, and Susan l\f Montgomery, members of the group at
the NASA Lyndﬁn B. Johnson Space Center in Houston which rorganized the
scne?&vfamclpauon in the ASTP and publlshed thelr reports of expenmen- '
tal results: T - o -
. Selected teachers from high schools and universities throughout the Umted

- wording, - the addltlon of a glossafy of terms unfamlllar-to ‘students, and

. tigators ‘who reviewed the- texts for accuracy follows this Preface.

. This set of Apollo -Soyuz pamphlets was |n|t|ated and’ coordlnated by Dr _
*Frederick’B. Tuttle, Director of Educational Progiyms, and was supported by '
‘the NASA Apollo- -Soyuz: Program Ofﬁce by Leland J. Casey, Aerdspace . el
Engineer for ASTP. and by ‘William D. Nixon, Educational Programs R
Off"cer. all of NASA Headquarfers in Washlngton D.C. - S e el
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Apprecratlon ls: xpressed to. thefscrenttfic mvesttgators and“teachers who

: revrewq& the draft copies; to the NASA specrallsts who provided diagrams '
_and photographs‘ and to J, K. Holcomb, Headquarters Director.of ASTP

operatlons and Chester M. Lee. ASTP Prog Director at Headquarters.

whose mtere i thts educatlonal endeavor made,& this pubhcatton possible.
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Hamld L Adaxr. Oak erge Natlonal\Laboratory. Oak Rxdge Tenn e Do
Lynette Aey, Norw1ch Free Academy. Norwich, Conn. . ., M o, .
\ -l Vemon Barley, NASA Lynd(p B. Johnson Space Center l-louston Tex, . f C Ly
_ Stuart Bowyer Umversrty of Callfomla at Berkeley, Berkeley. Calif.»..7 " . ' ‘
s oeBill Wesley Brown, Californja Sate University at Chico, Chico, Calif.
" Ronald . Briino, Creighton Prepgmtory Schiool, Omaha, Nebr. .

;T F Budinger, University of California at Berkeley, Berkeley, Calif..
RobertF Colllns,“Westem States Chlropractlc College, Portland Oreg A :
) - _-'*B Sue Cnswell Bayjor College of Medicine, Houston, Tex R .

v T M. l)onahue. Usti eml ‘of Michigan;-Ann ‘Arbor; Mich. =~ . S e

' David W, Eckert, Greater Latrobe Senior ngh School Latrobe Pa e g ) N
, &LyleN Edge, Blanco Nigh School, Blafico, Tex.. ' U 1 f '

T f . Victor B. Eighler, Wichita State Umversrty, ‘Wichita, Kans. .
,,Farouk El-Baz, Smlthson!an lns,tltutlon Washmgton DC. Lo

.. D Jerome Fisher, Emeritus, Umversrty of Chlcago Phoemx Ariz. o
#» "+ "R. T Giuli, NASA Lyndon B. Johnson ‘Space Center, Houston, Tex. = * AT
" - M. D. Grossi, Smithsonian Astrophyplcal Observatory Cambndge Masg '
Wendy Hindin, North Shore Hebrew Aca ny, Great'Neck, N.Y. U
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. R \Robert H. Johns, Academy o
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N W. Scheld, NASA Lyndsn B. Johnson Space Center ‘Houston, Tex ST S
- ._,S eth Shulman, Naval Research Laboratory, Waishington, D.C. S
"JamesW Skehan Boston College Weston,, Mass._
~ B. T Slater, Jr., Texas- Educatlon Agency, Austtn Tex. : ' s
" Robert S. Snyder, NASA GeorgeC Marshall Space Flight Center, Huntsvrlle Ala L
" Jacqueline D. Spears,.Port Jefferson High School, Port Jefferson Statlon N. Y. A
RobertL Stewart, Montlcello ngh School, Montlcello NY, - e ' z .
Aletha Stone, Fulmon:.l ?nor Hrgh School Austln Tex ) ’, : _:44\, B
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' -and the Docking Module) as‘they passed over an anomaly and were acceler- -
ated by its higher gravrtatronal force. Both satellites werg in the. same low.

After 4 years | of Rréparatron by the u. S Natronal Aerona { '

.as Soyuz the two spacecraft were docked. The astronauts and’ cosmonauts

then met for the first intemational handshake in space, and each-crew enter-,
‘tained the other crew (one at atime)at ameal of typlcal Amencan or Russian -~

food. These activities and the phySics of reaction motors, orbits around the

* Earth, and werghtlessness (zero-g) are described more fully in Pamphlet l o

**The Spacecraft, Their Orbits, .and Dockrng" (EP- l33)

- Thirty-four experiments. were performed. while Apollonnd Soyuz were in | o

Space )
Adn;unrstratron (NASA) and the U.S.S.R. Academy of Scrences, theApollo . -
- and Soyuz spacecraft were launched onJuly 15,1975. Two days later. at l6 09
" Greenwich mean time on .luly 17, after Apollo mane\uvcred into the same qﬁtt .

»

“orbit: 23 by astronauts, 6 by cosmonuts, and 5 jointly. These expenments in -

spate ‘were selected from 161 proposals from scientists in nine drfferent_ ‘

- countrits. They are listed by number in Pamphletl and’ groupsof twoormore -
" are described in detaffm Pamphlets 11 through IX (EP-134 through EP-141, .~
: respectrvely) Each expenment was directed by a Prmcrpal lnvestrgator -

- assisted by several Co- -Investigators, and the detailed scientific results have -
been published. by NASA in two reports: the' ASTP Preliminary. Scrence:

-.Report. (NASA ™' X“58173) and the ASTP Summary” Science” Report

(NASA SP-412); The simplified accounts given in these pamphlets have been" .

Teviewed- y the Pnncrpal lnvestrgators or one of the Co- -Investigators..-

1rregularltxes in the Earth’s gra\uty. a spacecraft in low orbit will speed.up and

‘missions passing other planets, .-

For many years, the acceleration of gravrty g was thought to be the sameon

all pans of the Earth’s surface Then it was dlscovere'd that g is hrgher than
" “normial in some regions and lower than‘normal in others These regions are

called ** gravrty anomalres. and they are caused by the hrgh orlow densrty of

"+ the Earth’s crust. Detectrng them is usegl?m locatrng ore deposrts‘%)\:; il o
ex etect

and gas. Two of the Apollo-Soyiiz riments were designed t
gravrty anomalies from the motions of spacecraft. -

As described in Pamphlet 1, the orbit of a spacecraft is controlled by the
" Earth’s gravrtatronal field. If the Earth's gravity is * smooth *the spacecraft i
- moves fn an ellrptrcal prbit at.a predictable velocity. However if there are

" slow down as it passes over thiem. Such- irregular. motion has been observed - .
for spacecraft-inr orbit. around the. Moon and has been looked for on NASA' o

Eetpenment MA-089, Doppler Trackmg. was supervlsed by G c. Werf-- o

fenbach of the Smithsanian Astrophysical Observatory in Cambridge, Mas-

sach;rsetts The objective was to detect gravity anpmalies by measuring the -

changes,in the distance between two satelhtes (the Apollo Command Module

p:br' and thrs technlque became known as. ‘the- “low low”” method :
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The Prmcnpal Invesugator fdr Expenment MA- 128, Geodynamlcs,,was F

0 Vonbun of the NASA Robert H. Goddard Space Flight Center. (GSFC) m ..

Greenbelt Maryland "The expenment was desngned to ‘detect gravity,
anomalies by measuring the changes in dlstance between. the Apollo space--

"'- cfaft and the ATS-6 sa*elhte which *was in' a ‘much- hlgher orbit: - Thl§
procedure be\\ame known as, the “*high- low’ method. m contrast to the -

' “Iow Iow” method of Expe{lment MA- 089
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'1842, Christian Doppler, an Austrian screntrst.tpornted out that this change is

. tobe expected when any §ource of periodlc output such as sound waves moves
“toward or away from an’ observer. The pitch (the h|gher or lower tone) of . )
-sound is a measure of the frequent:y of sound waves, which are: periodic’.” -

. changes in air pressure "that we can hear. The Doppler effect is usually

. illustrated by a diagram that_ shows 'sound’ waves crowded together in the

. direction of the motion-of the train whistle. and Spread out on the other side.
Frgure 2.1 gives a more precise explanation.

~ The train.whistle gives out sound waves of frequency f about 500 hertz.
(5(2 cycles/sec). These waves travel through the air at the velocity of sound
/ ocrty v, its distance froma -
srrfg ‘Therefore, each'
sound wave has less distance to travel thap thé pl'ecedrngtwave (Fig. 2. l) The. .
: “perrod"’l' of the sound wave is T = l/f ‘which is the time interval bélween

bout 320 m/sec. As the train approaches.g
lrstener (obsqrver) standing near the trac,

waves or.about 0. 002 second for the trarn whistle. In the interval T, the train

moves adistance VT The next sound wave thus arrives early by vT/vgseconds, -
: and the period of: sound waves heard by the observerisT' =T ~ (vT/vs) The -

frequency that he hears |sf f + (vf/vs) and the wavelength )\ he measures
CiSA = A - (v)\/vs) : N

s

The Doppler shtfr is DT
o VBT IS EP N
N . o L Vo :
.or '
. A= —f= by
o -, ’{‘ .

)
a I

AN =M= A= SvAlyg

- whereT, f,and ;\bare theperrod fre’quenc)y/. and wavelength respectively.of -

the_trajn-whistle sound as heard or measured on the train. As“Doppler
explamed the phenomenon more than a century ago, the same reasoning
applies to light waves or radio waves, except that they move with.a much

larger speed 3x 108 m/sec (the velocrty of light ). nght waves from the_ :

I . [

e .

g hen an automobrle blowmg its horh of a train. blowrng its whrstle passes’ . .
" you, there is an obvious change in the pitch of the sound that you hear. The
- pitch becomes higher as the: vehicle’ approaches and lower as it recedes. In
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- movmg train would thus be shlfted toa hlgher frequency (“blue-shlfted” by
“Af = +fvlc or AN = —\v/c)as the train approaches. The light waves would be .

“‘red-shifted”’ (negative Af, positive ‘AM) as. the -train recedes. The terms

" *‘blue-shifted’’ and *‘red-shifted"’ are used because hlgher frequency waves - '

of visible light are blue and lower frequency waves are fed, as described

- Pamphlet 11. The shift is.very small for normal train, velocities (60 km/hr or.

16.7 m/sec or 37 mph), which are less than one-mllhonth of the velocny of

) 'hght However, most satellnes ‘planets, stars, and other astronomical objects
: move much faster than tralns (from 7 km/sec to- hundreds. of kilometers per

¢ . 3
" Observer] . L Ceee e . Waves recewved T - (vT/r/S) seconds apart. -
ato —— — -
. «. * . Dlvg. time ot arnval-of tist wave/ S ' /
1 : N . N N
o ' : : mulllseconds
r.
-
: e
!
E . 7
< o ¢ }
c & i |
= )
g » > !
= o/ . P
¥/ : | '
3 Loe [ oA *
=z . b_e'y & 1.
R S 7 ’f . L <
‘oc’ e i
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Y& . r
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. A : et
» '0\09“ ] R
» \;a\“g L
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eC°“d-‘5
ned 2! .
\Na“es' ‘ S 1
4 L T S L —
0 - ;7 .. 2T 3T 41 's7  er. S
e . . N .

. 'Tume, sec

. Dl'tanco-tlme plot showlng the Doppler ahlft for sound waves from an ap- '
- proaching train with T of 2 mllllseconds Waves recelved ‘by the observer have
- T'ott 95 mllliseconds : S .
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second) The small Doppler shlfts of radro waves from a radar on a.police car.

“are used by police to-stow when drivers are exceeding the speed limit. (The.
: Doppler shift is doubled when the radio waves are reﬂected from a movrng
. car. ) o S e 4

The DISOOV ' of Mascons on the Moon

Moon's surface, from the very stall accelerations of Moon.orbiters that were

broadcastmg radio waves to recéivers on Earth. The Doppler effect: results -
. from the movement of the sender or ‘the receiver, toward or. away from each ‘
" other., Therefore, it is the component of v along the line from the jmoving. .

orbiter to the receiver on Earth that must be used in the Doppler formula

. - Af = fvlc. This is shown in Figure 2.3. Radio engineers at_the NASA Jer ‘,
. *Propulsion Laboratory (JPL) tracked NASA's five Lunar Orbiters and meas- - :

*. ured Af with high precision. They turned the Doppler formula around and®"

of the Moon However. their measurements showed that éach satellite would

speed up shghtly. then slow down, as it passed over one of the large crrcular"
: basrns on the Moon.. All this first happcned in 1968 '; e _
The interpretation,c of these accelerations is shown in Figure 2.3. Accordrng 3
to Newton s Law of Gravrtatron (force F, = GmM/r2 ‘see Pamphlet I); there -
" must be extra mass (the mascon) in €ach lfal' basin, which pulled the satellite -
. towatd the basin. As the satellite approjhed the basin, its orbital speed-' ,
n, it 510wed down. a little: The
- ambunt of speeding up‘and slowing down gave an estimate of the masscon-

incréased slightly; ‘after it passed the b

" centration.M . Each mascon !there are eight presently known on the Moon) is

4 thought to be the remains of a huge meteor that hit the
“basin’ (a large ¢rater). Each mascon causes.a gravrty anom

oon and formed the”

the first gravrty anomalies foundonan astronomlcal body ot

Others have srnce ‘been found on Mars o : _ o

'Projec( Physrcs Sccs 8. 4 to 8.8; PSSC. Sccs 13-8 dnd 13-10. (Throughout this Rz
pamphlet, references are given to key topics covered in thcsc thrce standard textbooks:*Project -

- Physics;""- second edition. Holt. Rinchan ‘and ‘Winston," 1975, **Physical Sciehce Study

Q

ERIC
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. Committee"’ (PSSC) fourth edition. D. C. Heath, 1976, and lnvestlgaungthc Ennh (ESCP)
- Houghton leﬂtn Compnny l973 ) L

EV R

e

' Radro techmques measure frequency very accurately They were used to
discover the ‘*mascons,”’ which aré concentrations of mass just under the‘

. and.thesc were‘
ef than the Earth. -

- computed v.=cAflf withan accuracy of a few millimeters per second. Takxng SN '
into"account" the ‘Earth’s’motion and the direction of motion of the Lunar LT
- ‘Orbiter satelhte. ‘the enginegys’ calculated the orbital. speed of the satéllite, _
*" gecond by second. They knew that the satellite should follow Newton’s laws® -
"~ and move with uniform speéd-in an ellipse (almost acircle) around the center



Figure 2.2 . Doppler shift from the component of velocity in'the line of. sllght".‘ .
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S 2000 megahertz (2 X 109 cycles/sec) wnh a devtauon of only'a fra'ctx'on of
Sl hertz (1 cye le/bec) These crystal oscnllators made it possnble to measure the

R Otblter, B e —— v ..~ Orbiter, mass m. ~.
oo slowé&down by M -7 “F O T N Speeded.up by M,

+ "-Dense’maston under A
crater on .Moo,n
. *

P L -":Ef‘feet'of a mascon on the speed of a passing orbiter..  Figure 2.3 -
, 'Apollo' Command Module or ihe Docking Module) had a crystal-controlled’
. radlo The frequency of radio waves received was compared to the frequency
of a similar crystal The two frequencnes were almost the same; but the sum of
" -the’ incoming waves and the standard crystal oscillator gave a ‘‘beat

frequency"’ equal to the dlfference between the two fr’equenc1es as shown i
"Flgure24 : T Ot

Wavg

v.'l'.'-f’,’zgldahé';z /\ /\ /\ /\
_: AVARVARVA

SRS 359.gahenz/\ A /\'r\"

. Sum of waves v and 2 . . S .
< has beat.frequency J e e e . T B R
f-_-0.25‘g|'gaher_tz A '-4 ‘, A . ; . ) . . , . . > .. . s . LV o . 0‘

**  Beat frequency in the sumbf fwo waves of dlffer’en.t frequency. .. Figure 2.4 ©

e
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Quesnons for Dlscussmn

,(Doppler Shlft) . NP

R K - The exhaust ofaracmgcar (wrthoutamufﬂer) makele“put puts per N <
- "second.at a speed v of 50km/hr (3] mph) If the car'is going away | from you at.”’ -
.-that speed, how many “put puts’’ S

s

oo e

- will you hear each second"

S20A pohce car is p‘arked ona srde street at a45°. angle to the oncormng_ -
- traffic ona hrghway Will the Doppler radar on the polrce car glve the corrﬁct
_"speeds of cars on the hrghway” . , o

‘3 The lunar orbiter Had an. orb)tal speed of 1.7 kmlsec How did the
Doppler shift of its 2000- megahert'z radio transmitter change as it moved o

: across the center of the Moon. and rounded the: edge as- “seen" by a radi'o

-recelver on= Earth" (Assume that there are.no mascons, ) =

Shgebe
.
.
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The acc lerat n of gravuy at' the-Earth’s. surface is ¢ led g and is.
“about 9. s£ (see- Pamphlet T). Around 1590, Galileo. first;] L
¢ " g. About 100 ~yZ&ars\later Newton used g and the acceleratjén of the Moon - -
.. toward the Earth'to'dcrive. hlS Law of Gravitation? (F ,~= GmMIr?), Much . -
LN later,. sclentlsts found that g 'is not. exactly the same everywhere n_. Earth.
o Evrdemly, there ‘are high- density rocks like the: lunar mascons’ in some -
) o places and low-density rocks in other places Also, the Earth’s rotauon'
S " reduces g from 9,83 m/sec? near the poles to '9.78 m/sec? near thé’Equator C
-~ +* " The rotation also changes the. shape. of the Earth, producmg a bulge pear -
o :the - Equator. where the: dlameter is 43 kllometers ‘more. than the d1ameter~ ‘

', C through the poles : R

TN

\ o

A ' ‘Grawty Meters ceoe T TRy
/ b W,Early measurements of g were made - by ummg the swmg of a pendulum' R
' . (Fig..3.1). The penod Tofa pendulum s'swing'is 2/Llg, where L is the .

length of the pendulum So,g= 41r2L/T 2 The period can-be measured vgry .. -
j aCCurately by coummg 10 000 swmgs and dwrdmg the total ume by 10 000 ,

’

: o . 4 F -mq-i"
- . e g ,
AT o ' ¥ g e '
S <.t . Apendulum used to measure g from 47 2L/T2,
. ’ESCP Sec. 310, S IS ' R
"Proycct Physics, Secs. 84t088 PSSC Sccs t3- Bnnd l3 IO
‘ijcct Physu.s Problem 8, l9 PSSC Sec 13- lO

N

N vmOatt=0 * - T €
TN\ andatt="T S

 Figure 3.1: |, -

s . LI . : . S s R " - STy .




‘e
-3 »
. .

o~ : R

ERIC

Aruitoxt provided by Eic:

) N good fo =0, 00001 second. " - .- K ' .

'meaSUrerhents have been made<at: hundreds of geophysrcal stations all over

- the world. However, a pendulum won't work on a rollmg ship or in W

. airplane ﬂyézglihrough bumpy air. Scientists therefore produced a, ‘‘gra-

) ~'vimeter,”’ which"hag~a. small mass mi-on a spring; (Frg 3.2). The force .of '. K
‘ gravrty on'm rsF‘ ='mg. If g is slightly larger, the spring is stretched slrghtly "

farther Gravrmetérs have complex waj/s of magmfymg thls extra stretch

N Prolectlve box at constan R ) e L .
temperature with removeble. .. . -’ S . PO
squOftslmmassm . R - .

C s SR DU Readmg (when ponnters
Ny T T e matched)

Fine-" .

o thread. .
Accutate "\ /9 ' sergw . .
L wire 0T B
e SPrng LT o 4

. Accurate
+ matching "
pointers  —1

e e

\ Flgu'ro'é_.z:. . A.gravimeter for measuring g by the extension of an'aécu‘ute‘ spring. .l- R

e

B If you have a stopwatch that ig accurate to 0 l ‘secbnd your value of I ls_. B

-" An accurate.. pendulum is still the. best mstrument to measure & and such' L




Some use bent quartz fibers as part of the spnng, and the |nstrument is
protected from careless handllng and tengerature changes that mlght affect .
- the readings. Each’ gravimeter is callbra againsf a standard pendulum just

before it is used A good gra\umeter can measure g with an error of Iess than
N OImm/sec2 S e
4 o : . } S \

B Gra\uty Anomahes and Earth Structure

Geologlsts on foot have camed gravtmeters |nto mountalns and across plalns |
- They haye taken them anng seacoasts |n 5utomob1|es and -out-into oceans in -
_ submannes Insome places, they have made surveys while. flying in airplanes
- at constant aIt|tude Ihe_acceleratlon of gravrty g is slightly small Do
htgher altltudes because the distance from the center of the Earth is greater o T E
" The force of gravity is proportional to'l/r?, Where r-is the distance fromthe - ', =.- = 7
Earth’s center. Gravity readlngs are usuaIchorrected to what theywouldbeat IR
ot Usealevel. B ST ’
e - Maps of ; g corrected to sea level show many max;mums and' mlrﬁums
. ©.  that is, hgmps and’ troughs in the force. of gravity:. If the Earth ‘were per-:
S fectly homogeneous therwould be no maximums and no minimums. The .‘-' o
T _'." measured values thus tell gedloglsts about the structure of the Earth’s crust.” ,
:’/lh general, & is higher over contjnients where dense rocks are near the surface .
and lower over deep ocean basins where the dense rocks are far below: Other - <
smaller structures* such as iran-ore, ‘coal, oil,” and saIt ‘deposits, can be
detccted Caves and underground lava flows can also be located. Gravrmeter
surveys are usefulin, prospecting foroil: Thcy aIso 1nd|catc the shape of buncd .
Craters and extinct volcanoes. . - . - L
Gra\umeter surveys by foot, automoblle, or- submanne are - sIow but S
reIatlver accurate Measurements from airplanes, although faster, ?end tobe T
inaccurate. Measuremcnts of g from satellites have the advantageo overmg
‘very large areas in a shost time..A prlmary ob_|ect|ve of the gravrt;g experi- : R
. ments during the Apollo- Soyuz mission was to deterrmne how accttate the. L B
_ measurements from a'satellite would be Of course, a gravimeter ¢ annot be L]
* used ina spacecraft in orbit because’ ‘everything there is. welghtless and g T
.' would be measured as.zero. (The' spring would pull the mass m to the top of i
i the box in Figure 3.2 ‘Because- Fy =0, see Pamphlet 1) The method used I I
. dépendson the dccelerations of the spacecrafi (as in the: discoveryofmascons .~ : . . ..
_ -7 .. onthe'Mooii). Because Apollo-Soyuz wasin a low (222-kilometer altltude) - '..._-- o '
' * “circular orbit, small changes in g at the Earth s surface could be detected
A higher satclllte would be Iess scnsmve to changcs in 8. o " ‘/'

-
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R TR U TR
o (: Questions for, Dlscussmn T
R (Grawmeters Grawty Anomalles) S L '
- 4, An old- fashloned pendulum clock keeps accurate tlme at sea level

o but the owner moves it to a hotel on ‘Pike's Peak at an. altltude of" aboutt .
" 4 kllometers (l4 000 feet) Wlll lt run fast or slow X

. . 5 When an alrplane goes’ mto a banked turn, wha happens to the readmg
L PR of a gravnmeter onboard the a1rplane"

Y

, e 5. T .' 6 Ifg lS 9. 8000 m/set. on thesurface m the Mndw%stem United' States L 5
: I_ o e what'is it at an altitude: of 12 kllometers (39 000 feet)" (T he radxus of the ‘
Y A Eanhw6378 kllometers) '

4. T “
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4 The’ “Low Low” S
Satelllte Techmque R

When two satellnes in low orblt follow one another past a gravrty anomaly,l Lo
. the first rsspeededup before the second one 1 is and the distance between them I
increases. . Then the first satellite is slowed down (back to normal) beforethe . .-~ - <
_ secondone is and the distance. between them decreases (Fig. 4.1). The MA-089,'- '
t' . . Doppler Tracklng Experrmem ‘was deslgned to detect thesé: changes in
SO distance. A crystal-controlled radio ansmitteg was | mounted on the Docking
" Module (DM); and a receiver with :[mrystal was. placed onthe Apollo - R
‘Command- Module (CM). Each welghed about 7 kilograms. While the DM~ - . - .7 . -
" . was attached to the CM, the radios were warmed up and tested forconstant "+ . . T -
-~ frequency. This test showed a slight change of about 3 parts in 10'2; thatis, -~ = - . .- = U
. the-broadcast frequency of 324 megahe 'z (324 mrllron cycles/sec) v.lped"-«— BRI R .
by only I millihertz (0. 001 cyclefsec). .\ . - :
, - OnJuly23at. l9 45 Greenwich mean tir ‘J(GMT—the time fn Greenwrch oo
/ England used -as standard ume on the Apollo Soyuz l'mSSlOl'l), the DM was. .
* unlatched from the Apollo CM. Before réleasing the DM, the astronauts used .. - ST :
~ the Apollo reaction-control jets to spin Apollo and the DM at about one .« " .. . .
‘ . rotanon every 72 seconds After the DM was released the Apollo cMo -
A -: gradually ceased spinning and backed away from the DM Thé p purpose of the * - . . .
cfe DNkotauon.wasto stabilize it with jts radio amennatowardApollo Although "~ "o .
; ", - this approach worked falrly well,. the.DM still had'a small wobble that‘ L

brought |ts amenna f'rrst toward and then away from Apollo Thls wobble 2 T .
- R ] T . L L.
R or_.'.-mrp»" - G
_ R T zslep/-vISOmlsec . R P IR T :
. § a2 © - CM fropulsion. -
c 5- ) ¢ - .
c .- ’ !
8 6 Sen coy
g =
. . 3 Tes o
. E'-lO_j * " .
. . _.12 B \f .“:.» * B *
o Coqab - AEETE o L ) e o Lo -
v . l‘.LT- | B [T | 1 L B EE L T S

16 = - - .
19:40 19:4; .19:50 19.56 .2000- .20.05 20190 2045 20:20 . - 2025 .
c S GMT. nr:Fnln L Y |

: Doppler shm of the 324-megahertz frequency showlng the DM drlft after sep-: g Flgure' 4.9 ' T
S . aratlon and the CM roeket flrlng v : ) o LA

: 1
’ '.'. \ . <
< = . N .
- .’ ., : aQ
) B '24') 13 ! s
TRV .
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. ° 3 . L -

o mlroduced an unwanled bhl small penodre Doppler shrfl in the DM radio

*. transmission. - LA, / :

" The-Doppleér shrft -as Apollo backed away from the DM at I, 3 m/sec is . -
shownin Figure 4. 1: At 20:20 GMT the Apollo reaction jets were fired to -
separate the Apolio from the DM 'moré qurckly When they- reached 300.
kilometers, the astronauts fired the jets'in llmlher dlrectron s0 thal Apollo o

' 'slayed aboql lhe same distance behind the — . RO

T 3 Allhough the- radrg recerver could measure the dlfference in frequency
-~ . s accurately, lhere were lhree‘anucrpaled complications’ in* mémsuring the . -
S .- accelerations caused by ‘gravity ‘anomalies: First, the/DM .moved into'a ..
N -~ - ... slightly different orbit from ¢hat of the CM This change in orbrlal shape - L
- o caused a perroilrc increase- and decrease of the separation every 93 minutes, T
* the time for one trip around the Earth (see. Fig: 4.2 and Pamphlet I). Second, .
almosphenc diag on the two orbiters was slightly. different, which caused a.’
L : . gradual increase in separatiop,, Finally, electrons in the Earth’s upper almos-_
LA - phere belween the two ogbrter%’cabp\d a stall shrft in lhe frequency of the
: ~ radio {ransmissions.” - e
_/ " The slrghl difference in orbrl was checked by ground observalrons so that
oo corrections could be made The almospherrc drag was estimated i in advance
IR (it caused a smoagh, long term change in. separation). Afler correcting: for._','
. this; short-term’ changes duie to gravity anomalres could sull be detected. The’
o effect of elcclrons could be measured by using pwo frequencres l62 and 324
'megahcrtz The clectrons changed one frequency more. than’ the other, so, ).
o . " both the Doppler shift- and the shift-due to electrons could be calculaled from
L o lhc two smeasured’ frequcncy changes.
' &, . " . The frequency shifts were. meas‘%d over lO-second mlervals for . 13 8
o % .- hours as the DM and the CM circled the Earth nine times. Durin these nine -

- orbits, lhey passed over various parts of the Earth’ s surface and i{r;l:_have : :

s recorded many gravrly anorrmlres However. unlrke lhe tests mad en'the:.

P E:i' | ;
5T . 3
¥ i%% . [ 4
A - g = -
W 01" 02 03" 04 05 06 07 .08 -09 {0 11 12 13 4
Co C T GMT e R -
_ CLE 9;94;/ Doppler shifts during eight orbits (corrected for ionosp eric eftects). SO




-

o .

CM and DM Were st|ll connected ‘variations in the DM radio- s1gnal strength

were so ‘large’ dunng the: actual expenment tha} the cM receiver W :
measure *the Doppler shift accurately Because of .thése difficulties, the .

< ) “low low’’ ‘technique detected no gravnty anomalies dunng the Apollo-’
- o - Soyuz fhghg but anothqattempt on'some future mission may be successful.

 Nevertheless, the MA-089 Expcnment was able to measure theé ionizatioft -
of, the low-density atmosphere at'a 222-kilometér altitude. The- electron -
densnty varied from 3 X'10° electt‘ons/m3 on the nightside of. the Earth to .

I 5 x 101 e’lectrons/m“ on the daysnde More interesting were the many'_j~
-, . . sudden changes in ionization, Most of these occutred as Apollo- -Soyuz
L ' crossed the Equator which |nd|cates that the |onosphere (see Pamphlet V)is ° -

' lrregular m that reglon Flgure 4, 3 1s a plot of the change of frequency dunng

. KR y / N R’
tx':ntutnt 5 ) .
.\_;_— ..

o = =N
PR _ -

o
S

A

e

Map of revolutlon 127 wlth plot of MA-089 frequency changes The electron "
\ " density between the Apollo CM and the DM can bo computed from the change )

ln frequency
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: ' D :?11' _‘ one :evoluyon‘(number 127) Thls fot Showsablg wave”clue to changes o
o L \( *“-"in electron d?nsnty just wgst of Callfomla on the evéning of July. 23,‘1975 R
ol e " i~ This. wave had a Wavelength of 690 kilomheters ove? which-
R i B density. changed?by 35 pércent. The wave cxtended 7200 kll
the Apollo Soyuz orblt o
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. in this position to broadcast tclévtsmn programs to India and. Africa, and |t'_
was also used for commumcatlons witht Apollo-Soyuz (see Pamphlet D. It

o along' the’ Apollo/ATS:6 liné. " The. Dopplér shift (and vq) was zero when’

Satelllte Techmque .' o

' o . " o

 The “High-Low” .

Tt

..'.?

The ATS-G Geosynchronous Satelllte R

. The ATS-6 cornmumcattons satellltc was in'a 24-hour geosynchronous orbtt . o
35900 kllometers abovc’Lakc Vlctona in East Africa. At that height, 42 280' E

. {:.

A, satelllte at very htgh altttude is almost unaffected by gravny_ anomalles S
f‘ bécause of the 1/r* in Newton's Law. of Gravitation. Therefore, Doppler R
'_trackmg of*a low satellite (acceler'ated by gravity anomalles) from-a high
. satellite should make measurements of those acceleratlons possrble The
situation is compllcated because the low satellite (Apollo) moves at changlng‘. RO
' anglestothelugh-lowlme (Fig.’5.1). When Apollo was directly under the high .~
' satolllte there was no Doppler: shlft because there was no component of' sl
orbltal velocnty along the hrgh low lme L . :

kilometers from the Earth 's’ Center, it circles the Earth every.24 hours ‘and ©
remains over; the same pOmt on the Equator all the time (hence the namie - ”
- geosynchronous——“m time with the Earth“) The ATS- -6 satellite was located- - -

" telayed Yoice, radio,, and television communications on several ¢ircuits. to- - o
+ 7 the ATS receiver in Madnd ‘Spain. 'NASA has’ several other ATS satellites

: --plamed that will eVe,ntually relay, ‘real-time”’ teIevrston and radlo trans- ’
*" missions to or from any part; ‘of the world. . &

. The STDN recéiver- transmlttcr at Madrid (Fig. 5.1)'is part of NASA s
) “worldwide Spacecraft Trackmg and Data Network of 17 ground stations and -

_several shlps When Apollo -Soyuz was 5° above ‘the local: honzon. each of
.*‘these gadio stations could relay ‘messages to or from Apollo. and Soyuz.
. The Apollo spacecraft m low Earth orbit, the ATS-6 satellite.in high orbit -
o (actually more than l6() times higher than Apollo). and the ground receivers
Coeat Madrld -Spain; are shown schcmatlcally in ‘Figure 5.1. The.radio fre-
.- quencies used betwqcn each pair are glven in gigahertz (10° cycles/sec) The"
.2.25- gigahenz—radto—stgnals from: Apollo to-ATS:6-have a-Doppler-shift of -

Af=12.25%]0° vigles where\ 1438 thecomponem of Apollo’sorbital velocityv: . -

.. Apollo passed dlrectly u&jer the ATS-6 and v was perpendlcular to the line . -
" from. Apollo to ATS- -6. The shlft was a Lnaxllnum (4 almost equal to v) when

~Apollo Was near the’ hOl‘lZOﬂ as sech from the ATS-6. These Dopgler-shifted - . _
- signals were thien radlbed to the” ATS recetver in Madrid. on a 3.8-gigahertz . .
" circyit. with® almost ng Doppler shlft because the posmon of the ATS-6is

s nearly fxed in thc sky e o

It would also have -been posstble to measure the Doppler shlf; in the' o
Apollo 2 3 gtgahertz radio: tt‘ansmlsslons to the STDN statlon in Madnd

[ 2

¥

et



" Figure 5.1 Schematic of the ATS-8/Apollo communication-finks. The ATS Ranging station -
T e . _le designated ATSR; the NASA Spacecraft ,Trpck]ng'and Data Network station
.. . ledesignated STON. S b o
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. pllcates such measurements (see Sec. 4). lons had little effect . the . S 4o
: ,Apollo/ATS 6 link ofvon the ATS- 6/Madnd fink becaiise these radlo aves . Lo e
~ “travel only short dlsmnces through the ions, and a‘small correcuon copldbe: . oy - T
KR made for the- ion effect L ‘._J - . ‘

i B -»i.The MA-128 Geodynamic Expenment co

.. The objecuve of the Geodynamlc Expenment was to measure gravny anoma- ‘
"« liesas small as 0.05. mm/sec? over features as small as 300.kllometers Two T
.. ‘areas were. sélected: the center of Africa,  which has positive gravity anomalles, TP
- . dnd the Indian Ocean trough which'has a negative gravity anomaly. Apollo I
- passed over central Africa on ns llSth orbn (revoluu ny around th .

' were used to estlmate ns strength

4

‘ 'Results of the' Geopynamlc Experlment

. Changes in vy (the component of Apollo’s orbital velocity toward the ATS- 6) L o
. during three orbits over the Indian Ocean’ arid the Hlmalaya Mountains are SRR
" ,'- .. shown in Figure'5.3. After correcuon for the effects of ions and electrons: S o .
SR between Apollo and the ATS 6, the Doppler slnfts (AvA)deﬁnnely show the, e e
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. Revol{:tions '
120and 135

. Himalayan -

\4"

. - . “longitude.deg. - .. ., ..
Apollo ;pacecrgﬂ groundtracks for _Experlment MA-128." T
Y o ' ' . T ,. c, o
. .. l,r‘-- o ;_. . ).. -

lndlan Ocean anomaly “The Hlmalayan anomaly is less cenam, howe

" because there was ahigh density of atmospheric jons over the Hl'malayas S

each_time Apollo passed over. If the changes in v4 are converted to the

" anomalies in Asia Minor, 10-5-g anomalies in. central ‘Africa, and less’ well
determmed anomalies in the Southem Hemisphere: Some of the anomalies in

Asia Minor are assucnated wnlﬂ:ommemal ‘drift (movemem of large secuons_

‘of the Earth‘s crust) in that area (see Pamphlet V) :

.
.

strength of the anomalles the two largest anomallescorrespond tochangesin
.g of 0.6 and 1. 0 mm/sec?, about 10~ 8. Other orbits. showed- [0-5-g* - -




Revolution 8

July 16‘ 1 975
- -Himalayan .
anomalous

. Revolution 23

July17 1975.0 * ,

- Himalayan
anomalous-

. area

*w--‘p“\

.'--\' 't‘

indian lOcean lndlan Ocear =" & }
anomaly . .- “dnomaly N
: ' 10min

Revolution 53
“uly:19. 1975

H|malayan
anomalous .
.. area '

Indlan Ocean —--—o
; anomaly

10 min

< ) f Changes In Apollo veloclgy toward the ATS 6 caused by gravlty anomalles ln

" the indian Ocean and Hlmalaya Mountalns Note that A changes agree well on &

threeorblts. B . N

PP

% —Tefraction (bending) of radio waves in the Earth's atmosphere These refrac-

. atmosphere through which thé radio waves passed Usinig measuremems

LI
: v
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-T he,MA-lZS Expenmem also provnded new data about the Earth s aimos-'."
P _phere! Measurements made just as Apollo dlsappeared from ATS-6 view ‘
o beldw the horizon, (ot as Apollo reappeared. above the horizon) show she’

tions-can-be used to derive the temperature. T and the pressure/ P of the

'l

taken at 1 second mtervals for 30 seconds before Apollo dlsappeared below o

21

Figure 5.3 -
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or after it reappeared above the honzon the scientists derrved T and P for. .

several altrtudes In one place the values derived agree with measurements

i made frOm a balloon flrght which means that the *‘high-low''" satellite -

; combmatron can collect certain. meteorologlcal (weather) data rapidly. Later, .
*. when satellites are posltroned at several longitudes around the world, ‘this b o
-technique will givé measurements of T and P wherever low satélhtes ¢rossa
. rmg about, 9000 krlometers from tl‘te pomt under each hrgh satellrte

Questlons for Dtscusston

(Doppler Effect, Spm Orblts) , B ' .l'»'.-:

8. Wlth cl'ystal oscrllators controllmg radrofrequency tol mlllrherfz in-
334. megahertz, what is the smallest. velocrty along the lme of stght that
can be detected?, .. . . .: X ,

09 If the DM had ngtbeen §tab|l|zed by a spm what could: have happened
io prevent collectrOn of the Apollo -DM Doppler measurements”

10. if the Eanh rotated once every 12 hours ( mstead of orice every 24 hours)

hobv hrgh would a geosynchronous satelllte have to be?..
l

L 1Ll thure 5. l shows an mtermedrate posmon of Apollo relatrve to the’
" A

6. Where would the Doppler shift be at a maxrmum" Where would
Apﬁ)llo be for zero Doppler shift?, . 1

AR U



[

Ar‘---'

- velocny V). It wrll thus read v cos 45° or 0 707 v,

- from the Earth’s- cemer), g is smaller:(9.786 m/sec?), so T would’be larger ot
. . The ratio of T on the mountain to T at’sea level is /9.80/9.786 = /T.00j4 = .
R 0007, The' period is thus 0, 0007 longer on the mountain, and the clock runs.. o
T slow by (0 0007)(1440. mm/day) l 0 mm/day ‘ '

Lo (Sec 3C) At theEquator a mass. i movmg atv = mlsec(era chcle . RN

(Sec 2B)TheD0pplerformularsAf fv/vs The“put put"frequency f o o ‘ ,

: ileput-puts/sec The speed of the car v is SOkm/hror 13.9m/sec, The speed |~ ~+ . _'M o
~.of sotnd v i$ 320 m/sec, Therefom. Af=(10)(13. 9/320) =0. 434 put-puts/see PR s
T; andf' =f - Af 9 566 put-puts/sec SR , , LA
2 (Sec. 3B) The Doppler radar- on1he polrc car wrll dexect only the com-

ponent of ‘asgar’s velocrty ‘m_its line- of sight, 45° to ‘the hrghway (car’ s

3 (Sec 2B) At the center of lhe Moon as seen from Earth the orbner 1sA

a ,movmg dcross our line of srght (0 = 90° in’ Frg 2.2); therefore, theri)pler' S
o shrft is iem f the edge of the Moon, the orbner is movihy directly away from . -- S e
v us(f= 180°), andy, = —v.= }'/Z{km/sec recession. The Doppler s shiftisthen. .. ';
Af = —flct= =2 X 10°.(477/3 X 10%) 21,13 x 10%: hertz or —ll 3 ’ ‘

.
Ia

. 4. (Sec. 3C) The penod of apendulum swmgT 211',/ng At sea. level e o o o
g =9.80 m/sec?; ata 4-k|lometer (14 000 foot) altitude (4 krlOmeters farther e s .

'kllohertz( ll 3 krlocycles/sec red shrft) ' _ o _ . _ R . “ :

5 .(Sec. 3C) The arrplane ina banked turn is accelerated toward thécemer of o

" its tum, and thrs)accelerauorr mcreases the gravrmeter readmg Ry ] e T R

6. (Sec 'BC) By Newton sLaw ofGravnauon Fg= GMm/r2 =mg Thus, o '__- S
8is proportlonal to. l/r"’ where r is the drstance from.the Earth’s center. ‘At a - A A

- 12-kilomeier altitude, rs 6390, and g at that altitude is (6378 km/6390 km)” IR

0. 9962 times g at sea level; or (0 9962)(9 8000) = 9.763 m/sec?. . : v S

- with'a radius r of 6378 krlorréters as the Edrth rotates- once every 24 hours L2

| Part of the gravrtauonal forc
_cigcle at’ acdelerauon a =
“+_ records F, - mv”/r = mg -ma; and g is reduced by a= v2

Fy = GmMg/r® is used to keepm moving inthis " . - - T
/g Therefore, .a spring balance Er gravimeter' ‘ >
“Centnfugal

force is the term used to“descnbe mv2/r

°8.. (Sec SD) In the Doppler formula Af fv/c we need Af larger than ;
l millihertz, So ¥ must be larger than (1 millihentzf) ¢, or (107¥3. 34°x 10') Do
(3 x 10'l m/sec) = 9 X lO 4 m/sec or 9 X 10‘4 mm/sec or. 0 9 mm/sec , S
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: 9 (Sec S_D) lf the DM had not been stablllzed it would probably have
“tumbled" so that, its’ transmitting antenna faced away 1 from. Apollo. In that

case, no. radlo sngnals could have been recelved by. Apollo

N 10. (Sec. 5D) The period T of a satelhte is related toits dlstance r from the '
'\ R Eanh 5. center(by epler’s Law (see Pamphlet I):; T?is proportional. to r"
T IfT is reduced from/24 hours'to 12 hours, r* must be reduced by (24/12)2 =4,
' - The altitude of thé geosynthronous orbit, 35900 kilometers, plus.the; radius of
. the Earth, 6378 km 42 278 = r, Therefore, the néw rd = (1/4)(42 278)3 = -5 '
2.66 X -10* kilometérs, or

B A

- L (14Y(7.56. X 1019 =1,89" X 1013, and r =
. o 26600kllometersfrom Eanh 5center,or20200k|lometers abovetheEquator S
' L 11. (Sec. 5D)aThe Apollo s D0ppler shift would be-a’ maximum when its
, “orbital velotity v was along the- Apollo/ATS line of snght at-the lower left in - o

, FlgureSl ‘The Doppler shift wouldbezero when Apollo passed under ATS- 6 o
as it moved -across the lme of sight, = L N ” C
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-‘.Sl Units -

.yt”fPowers of 10' L

.‘ppendlx B

Inhmatlonal

Names. symbols, and conversxon factoré of §1 hmts used in these pamphlets. L :-if' s

stem (SI) Unlts

L Q_u_antity -

N Nnme ot_un_it': S

. _Sym_bol. .

Copveegioﬁ,/ﬁc";iir .

Dlstancﬂ i

metér . -

R

A

B A
=1 km = 0.621 mile -

Tm= 328 ft e

lcm—»0394m‘ _..._.:-
Lmm=0039in, ¥ .
lp.m—39°>< 10%%in. = 10* A -
lnm.,‘—y: 10 ) . Y

o Mass. .

- .'kilq)gmfn o

kg

1 tonne = 1102 tons_ * if_. - o

. 1kg=2201b N

I gm = 0.0022 Ib =-0.035 oz |
lmg 220)( 107¢Ib = 35X 10""02

!‘,ﬁ

second -

o

Ly ;\
sec

Tyr=1156x 107sec . . b
lday--864x10‘sec , o
1 hr = 3600 sec R

: T%nperamre

T kelvin e

TIBK =P G F

373K = 100°.C= 21 Fo..

. square:n}tel‘

I'm?= 104 cm’ =086

Volume

- cubic meter -

! m ’;%0" cm’. Ziste e

sV F"redgency’ - ‘

. R

1 HzE cyclelsecl
l kHz =, 1000, cycles/sec

: l MHz— lO“‘cycles/sec ' o -

" kilogram per .

~ . cubic meter-

b

.’\~

Y| kg/m" -0 001 gm/cm" ,
it gm/cm“ = densny of. water o

‘meter per second: -

\m/sec .

lm/sec—328ft/sec
Ikm/sect2240ml/hr e R

. newton .

105 dynes’ =0. 224 lbf Lt

EEE



.

. Symbol - "..Con'v'ersion factor . B

] et

. Pressure © /’ - newton’per square .
: A / ° meter

CNimt 1 Nimd = 145 X 1074 1b/in?

5 Encrg'y, ; / ‘j(:).l..lle-.. -

ST 13 = 0239 calorie:

Photon energy clectronvolt .~ -

eV IeV— 160 10-"1 IJ—‘IO"erg

T

Power Lol o watt

LA 1w— l.l/sec

Y < . .

' Atom?c lﬁass -

.‘,-'-

Camut lamu=l66x 10‘"kg

-m{‘mic mass upit . -
PN Y . v o . . . ot N

.
>

. Customary nlts Used WIth thp sl Unlts

-
4 .

‘ '.Wavelength of
hght

‘ ~__/angsimmii=

AT 1 A= 00 mm = 10710 -

"y : I . : “

A_cc_e'lerétion ST S

U Pofgraviy L o

- . ] "
A ¢ .
. ) :
..‘./.
rAN -
o . C ¥
o . ’ "
' . _
L w . )
] - 4. .
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Glossary R T S
. References to secuons Appendnx A (answers to_questmns), and fngures are:
" included i in the emnes “Those in italic type are the: most, hélpful. _
acceleration (a). change of velocny with time. (Secs 2A,.3, 4, App As -
nos. 5, 7; Figs. 2.3, 5. 3)The acceleratlon of gra\lny at the Earth’s surface : :' C
s |scalledg S '
ATS-6 communications satellite a satellne in’ geosynchronous (24 hour
. penod) orbit-35 900 kilometers - above East Afnca, used to rebroadcast
R radlo signals to: ‘and frem the control station ‘in Ma‘dnd Spam (Secs l
Lol . 54,58, SCAppAno It; Figs: 5.1,5.3) » e o
' ‘ basin a depresslon Basins on the-Moon are large craters. caused by meteor
_ S t |mpact, Ocean ‘basins on Earth are decp places in the ﬂoor of the- oceans. -
o E T (Secs 24, 3B) . T -
o " C o beat frequency when two sources are emmmg sound waves of a d,lffer%
S T frequency (f,, f,).: the combmedqound swells and falls_in intensity,
~ oo, 0 7. .. producing beats, The fre ency ofthe beats isf, - f,. (Sec. 2A Fig. 2.4) .
LT - e the. v.alocny of light, radio, and oTher eiectromagneﬂc waves, 3 X 10" '
C el misecii(Sec, 2)- U .
PR e Command Module (CM) the pah of .the Apouo spacecraft in. Wthh the
I SN dstronauts ‘lived and worked attached to the Servnce Module (SM) unul
R B reentry ;moﬂhe Earth s ‘atmosphere. (Sec. 4; Fig. 4. ) I oL R
. S e component (radral) of veloclty the fraction of'a velocity vector that is along L
i .- the line of snghtof aif obServer; it is only this fracuon thatproducesDoppler T
; ! - shift. (Secs 74,5 to}C App. A, nos. 2, 3, 113 ans 2.2,5.1,5.3):
."):' . S y crater i c1rcular depres ion. Most of thosé on the Mo ' were produced by
L e T imeteor. . impact. (Secséli 2A4:3B; Fig. 2.3) * e
mél 'z_m . .:.?'-f crystalasolld compose of atoms or- lonsormolecu din- ‘
T O T repetitive' pattern,. I an “electronié circuit, it os,q
T quency. (Secs; ZA‘ 4, SB; App: A, no.-8) °
oo e - Docking Module‘(D )aspecral componem adde

S _ sothat ncould be joined with Soyuz (Secs 1, 4
4 3) See. Pamphlet/ I

_._soui'ce approachmg an observer (blue Shlfi) ol,.recedmg._fr
;shift). (Secs. 2, 2A. 4, 5 to sc App. A, mos. T 1o ,3 !

e-ven at hlgiyalmudes by:the low-density Earth a!mosphere there tmos— e
? phenc drag:lowers the orbit, (Sea:d).  aihow N
frequency (f»)*the npmber of osclllanons or waves leavmg .a_sound source - . ..
, ora radio ennf ora hght source per second (Sﬂcs 22, 2A, 4 5A; SB

¢

o
":“.l'.




>t

: g aCceleratton of gravrty at the Earth ssurface 9 8m/s<:c2 (Secs 1, 3 3A‘ o
' ~to 3C, '5C; App. A, nos4 6, 7F1gs3l 32) ° - -x.;". .
R geosynchronousorbit an orbit that is synchronized wrth the Earth‘s rotation.|. .’
e \ A s&elllte that is 35 900 kilometers w the Equator (42 400 ktlometers B
ST from the: Earth 's center) and that is ving eastward has a24- hour orblt e '
e “and. remains oyet the same place on Earth, .(Sec.'SA; App. A, no. 10) ‘”-j T
- gravlmeter an insfrument for measuring g by the extensto& of a Spnng., §
e :(Secs. 34, 3B A-pp A, nos. 5, 7, Fig. 3. 2) P A :_
: - gravltntlon the fot‘ceof attractton between two ‘masses (m andM % gtven by
l‘; wton’s Law F, = GmM/r2 where £ is the drstance between them 4
‘G is.a cohstant. (Secs. 2A, 3;.5; App. A, nos. 6,7, .t
gravlty the downward force on«_a mass’ near the Earth (Secs 3 to 3'8)
- gravity. anomaly a regton where gravuy is lower or higher;than expected‘
- if the Earth’s crust is consrden:d to‘have umform denstty (Secs 1 2A'3
w313455135@
ﬁreenwlch mean time (GMT) the tttne of‘ am qvent froin Oat mtdmght o
: 12 hours at nosti to 24 hours at mrdmgh‘t as measured at 0° longrtude e
(Greénwich, near London, England) GM-T lS"uSQd on space missions to” - -/ -
avoid confusion with’ other timeé zones. See Pamphlet L g
groundtrack the_path followed by a spacecraft over. the Earth’s surface
' (Fig.5.2) | g
. _hertz (Hz) a unit of frequency. one. osclllatlon (cycle) per second F milli { IR
R . hertz = 10" ¥cycles/sec, 1 kilohertz:= 4000 cycles/sec 1 megahertzt l{)"y o
R -. cycles/sec,ul' gigahertz = 10° cycles/sec : v b
e 4 ‘hlgh-low a techmque for meﬂsunng gravity anomalles. usrng one hlgh-cu'btt
S satellite and one low- orbit satellite and measuring. radio Doppler shrfts‘_
between them. (Secs. 1, '5,5Ato 500 -_/' : 5
lon an atom with one ar more electrons removed or, more arely, added The
Electrons along the path of a radlo wave change its, freq ency lomzatron is

low orbit and measunngv.mdlo PDoppler shifts betwe
A-089 the: DOppler 'ﬁ'acklllg Expenment on the A .'
i (Secs. 1,4 Fig. 4.3)" 2
B ]IMA-lﬂthe Geodynamrcs Expenment (Secs l SB 5C) co
B . mascon: Hass ‘concentration; a region -of high density’ below the Moon 5!
' surface (Secs .2A, 3. 3B, 5B; Fig. 2.3) rl) o e
, K . ‘orhit the. path followed by a satellite around an ast nomrcal body such asi
N .. the EarthorMoon (Secs.'I;2A, 3B, 4, SALoSC ths 4.2,5.3) The'orbit j
iy W number or; revolutlon was used on Apollo-Soyuz to ldenttfy the ttmq‘@;i 4

- A

Zw-low a techntque for measunng gravrty anomahes u rng two satellrtes m_ B

Cooaeda,
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Aruitoxt provided by Eic:




_ ﬁme between twor successiVe Mngs ofa pendulum or bétween two ‘sucé- X
;7; : “cessive wave crests mradioorllghtwaves— (Secs 2 3A; App. A nos 4 10
" Fig. 2.1) - . - -
r the- distance. of a satelllte from the Earth’s center ' L
radto waves electromagnetlc waves of wavelength between )y ln"illlmeter and Lo
several thousand kilometeérs-and frequencjes"between 300 gigahertzand a_ -
few hertz. The highier fmﬁncnesare used for spacecraft communlcatlons, ‘.
- ‘the lower for Navy communlcatlons (Secs 2, 2A 4, SA to. 5C >
L ADp- A, o 9) i

- _ o to acce’letate lt m :i,speclﬁc dn'ectlon (Sec. 4) 22 :
A refraction the bendmg of electromagnetic rays such as hght or radio w es ‘
' ‘o whei-e themate'rilal'they.are.pass_ing'.through_changes-ln dens.ity'.o 1 ver

8. ,,Figs 43, 3‘2) »
 Service Module.(SM) the large part of the, Apolﬁspacecxaf

PR S symbols (v ; ,.. )"are ngen in boldface 'type
- AR . 'wavelength o) the dtstance from the crest of one wave to the crest ,(the

(.__.

.
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